We report strong and non-volatile optical modulation utilizing electron-doping induced phase change of a perovskite, SmNiO 3 . Broadband modulation (O=400nm-17Pm) is demonstrated using thin-film SmNiO 3 , and narrowband modulation is realized with metasurfaces integrated with SmNiO 3 .
Introduction
There has been persistent exploration of new active materials and novel device architectures to dynamically control light with larger modulation depth and increased spectral range, at faster speed, and using less power. In this paper we report experimental results showing that samarium nickelate (SmNiO 3 ), a prototypical phase-change perovskite nickelate, exhibits reversible large refractive index changes over an ultra-broad spectral range, from the visible to the long-wavelength mid-infrared (O=400 nm -17 Pm) [1] . The super broadband performance is due to strong electron correlation effects that allow extraordinarily large bandgap tuning of the order of 3 eV, and this new mechanism can be exploited to create active photonic devices.
In pristine SmNiO 3 , Ni 3+ has an electron configuration of 6 1 2 g g t e and the single e g electron causes strong optical losses through free carrier absorption. Therefore, pristine SmNiO 3 is optically lossy. By acquiring an extra electron, the four-fold degenerate (including spin) e g manifold is occupied by two electrons. The strong intra-orbital Coulomb repulsion between e g electrons opens a bandgap of ~3 eV and almost completely suppresses the free carrier absorption. Thus, SmNiO 3 is transformed into an optically transparent dielectric with n~ 2.2 and k close to zero throughout the visible, near-infrared, and mid-infrared. The switching between the two states can occur at room temperature in a non-volatile fashion, and the two states have no obvious differences in their crystalline symmetry (within the detection limits of electron diffraction) [1] . These desirable properties open up opportunities to realize electrically tunable and non-volatile planar photonic devices at any desired wavelength from the visible to the midinfrared.
Experiment results and discussion
We demonstrated large, super broadband and reversible changes of optical transmission through thin-film SmNiO3 (Figs. 1(a)-(c)). The SmNiO 3 thin film was deposited on a suspended 1-Pm-thick Si 3 N 4 membrane through sputtering, followed by high temperature annealing to form the perovskite phase. Lithium intercalation (deintercalation) was used to facilitate the incorporation (extraction) of electrons into (from) SmNiO 3 . Figure 1 
(b)
shows that pristine un-doped SmNiO 3 is lossy and transmission is below 5% in the near-infrared (O=1-2.5 Pm) and below 17% in the mid-infrared (O=2.5-17 Pm), while in the electron-doped state SmNiO 3 becomes transparent with transmissivity around 70%, except for a pronounced dip around Q = 1000 cm -1 or O = 10 Pm, which is due to optical absorption as a result of the phonon resonance in Si 3 N 4 . By switching SmNiO 3 between its opaque and transparent state, we were able to modulate optical transmissivity by a factor as large as ~270 at Q = 9,000 cm -1 or O # 1.1 Pm and by a factor larger than 10 for Q > 2,000 cm -1 or O < 5 Pm (Fig. 1(c) ). We realized a solid-state modulator based on thin-film SmNiO 3 and a solid polymer electrolyte (SPE) (Figs.  1(d)-(f) ). The SPE transports lithium ions between a LiCoO 2 electrode and a SmNiO 3 film to induce phase change of the latter. We demonstrated modulation of light reflected from the solid-state device of ~5.5% at O=1.55 Pm by switching the gate voltage between +3.8V and -5V for multiple cycles. The device response time is on the order of a few seconds (Figs. 1(e)-(f) ).
By integrating plasmonic metasurface structures with SmNiO 3 , modulation of a narrow band of light that resonantly interacts with the metasurfaces was realized (Fig. 2) . The device consists of platinum (Pt) aperture antennas separated from a back mirror by SmNiO 3 and SiO 2 thin films (Figs. 2(a)(b) ). The phase transition of SmNiO 3 was induced by hydrogenation/de-hydrogenation, which was achieved by annealing the device in H 2 /O 3 gas. When SmNiO 3 is at its optically transparent state, incident infrared light generates strong plasmonic resonance in the aperture antennas. The plasmonic resonance manifests itself as strongly localized optical near-fields and oscillating electric currents at optical frequency in the vicinity of the apertures. Because of optical losses in the metallic antenna structure and in SmNiO 3 (electron-doped SmNiO 3 has small but non-zero imaginary part of the complex refractive index), the plasmonic resonance leads to significant absorption of optical power, which results in a dip in the reflection spectra (Fig. 2(c) ). The spectral location of the dip is controlled by the size of the aperture antennas: longer apertures resonantly interact with light with proportionally longer wavelengths. When SmNiO 3 is at its pristine state, however, strong optical losses in the material will completely damp the plasmonic resonance so that the reflection spectra will be featurelessly flat (Fig. 2(d) ). The experimental results were in good agreement with full-wave simulations (Figs. 2(e)(f) ).
In summary, the correlated perovskite nickelate SmNiO 3 has great potential for active photonic device applications. The phase transition of SmNiO 3 is induced by strong electron correlation effects and there is no crystalline structure change during the phase transition. This is unlike the structural symmetry breaking seen in the thermal phase transitions of nickelates and VO 2 [2] , or switching between amorphous and crystalline states in phasechange chalcogenide alloys [3] . This quite unusual feature implies that fast switching between the two phases of SmNiO 3 is possible. The non-volatile, multi-level optical states of SmNiO 3 could be exploited to create reconfigurable, planar photonic devices, such as programmable holograms and optical memories. The super broadband performance of SmNiO 3 and its second-to-minute level phase transition time demonstrated so far could be exploited for applications in smart windows and variable emissivity coatings. Fig. 1 (a 
